Herpes simplex virus (HSV) type 1 (HSV-1) and human cytomegalovirus (HCMV) are important human pathogens (2). Diseases caused by these viruses are treated with nucleoside analogs (ganciclovir and cidofovir) and foscarnet, which share a common molecular target: viral DNA polymerase (13). With the exception of the antisense phosphorothioate oligonucleotide fomivirsen (37), clinical resistance to these drugs has emerged (14). Consequently, there is a need for new therapeutics with molecular targets distinct from those inhibited by the drugs already on the market. Toward this goal, we have described a series of pyrrolo[2,3-d]pyrimidine nucleoside analogs that contain a number of compounds ( Fig. 1 ) with potent and selective inhibitory activities against HSV-1 and/or HCMV (24-26, 41-45, 51). Time-of-addition and time-of-removal studies have established that these multiplicity of infectiondependent compounds act early or very early in the viral replication cycle, after entry into the cell but before activation of viral DNA polymerase activity (20) .
Herpes simplex virus (HSV) type 1 (HSV-1) and human cytomegalovirus (HCMV) are important human pathogens (2) . Diseases caused by these viruses are treated with nucleoside analogs (ganciclovir and cidofovir) and foscarnet, which share a common molecular target: viral DNA polymerase (13) . With the exception of the antisense phosphorothioate oligonucleotide fomivirsen (37) , clinical resistance to these drugs has emerged (14) . Consequently, there is a need for new therapeutics with molecular targets distinct from those inhibited by the drugs already on the market. Toward this goal, we have described a series of pyrrolo [2,3-d] pyrimidine nucleoside analogs that contain a number of compounds ( Fig. 1 ) with potent and selective inhibitory activities against HSV-1 and/or HCMV (24-26, 41-45, 51) . Time-of-addition and time-of-removal studies have established that these multiplicity of infectiondependent compounds act early or very early in the viral replication cycle, after entry into the cell but before activation of viral DNA polymerase activity (20) .
It has been advanced that the replication of HSV and HCMV requires G 1 -specific, cell cycle regulatory cyclin-dependent kinases (cdks) (3-6, 22, 46-48) . Arrest of the cell cycle just past the G 1 restriction point could make available an abundance of macromolecular precursors that these herpesviruses require for replication. This involves the release of E2 factor (E2F) transcription factors from the inhibitory E2F-Rb (Rb represents the retinoblastoma susceptibility gene product) complex by mechanisms including the actions of cdk2/cyclin E (for a review, see reference 34). This model is supported by the association of HSV (19) and HCMV (4) infection with the activation of cdk2/cyclin E and the synchronization of HCMVand HSV-infected cells in G 1 /S (3, 12) . Indeed, the major immediate-early proteins of HCMV have been shown to play a role in cell cycle progression through G 1 . For example, IE1p72 phosphorylates specific E2Fs and pocket proteins (29, 36) and relieves p107-mediated suppression of an E2F-responsive promoter (38) . IE2p86 has been shown to induce G 1 arrest in transfected cells (53) , to bind to Rb (15) , to act as a transcription factor for cyclin E (6), to block the protein cdk inhibitors Cip1 and Kip1 (3), and to relieve Rb-mediated suppression of E2F-and thymidine kinase-specific genes (29) . Similarly, immediate-early HSV proteins have been shown to interact with cell cycle regulatory cdks, E2Fs, or Rb and pocket proteins. ICP0 binds to and stabilizes cyclin D3, maintaining the function of cdk4 (23) , and its expression blocks cells at the G 1 /S border (27) . ICP22 and the UL13 gene product have been shown to activate cdk1 (1) .
These interactions between immediate-early promiscuous transactivating viral proteins and cellular cell cycle-specific proteins are analogous to those seen in DNA tumor viruses.
Simian virus 40, adenovirus, and human papillomavirus express gene products (large T antigen, E1A, and E7, respectively) which appear to upregulate cell cycle progression by binding to and sequestering Rb (33, 35) .
However, there are indications that the interaction of viral proteins with cdk cell cycle regulation is not canonically established. As an alternative, it has been reported that HCMV IE1p72 cannot relieve Rb-mediated suppression of an E2F-responsive promoter (38) . HCMV IE2p86 has been shown to be insufficient to induce cyclin E (30) and to halt cell cycle progression independently of Rb, p53, and Cip1 (53). Greaves and Mocarski (17) have propagated a fibroblast cell line stably expressing physiologically relevant levels of the IE1p72 protein through multiple cell cycles, which indicates that the expression of this protein is insufficient to induce cell cycle arrest, a finding confirmed by others (7) . Cells infected with HCMV (21) and HSV (1) have been shown to synchronize in G 2 /M phase, in contrast to G 1 /S phase. It has also been demonstrated that HSV replicates independently of the mammalian cell cycle (8, 9) . Nonetheless, Schaffer and coworkers (22, (46) (47) (48) propose a specific requirement for cdks in HSV replication based upon the inhibitory effects of roscovitine, a purine analog being evaluated as an anticancer agent (32) .
Roscovitine is a protein kinase inhibitor specific for cdks 1, 2, and 5; and its potencies against these enzymes are equal, regardless of their regulatory cyclin subunits (11) . Roscovitine is inactive against some 40 other cellular kinases examined (11) . Schaffer and coworkers (22, (46) (47) (48) have shown that roscovitine inhibits HSV-1 replication at all stages of the lytic viral life cycle at concentrations sufficient to synchronize cells in S phase. The inability of those investigators to isolate virus resistant to roscovitine pointed toward a mechanism of action in which the inhibition of cellular cdks was responsible for antiviral activity (46) . Likewise, Albrecht and coworkers (4) have demonstrated that roscovitine inhibits HCMV replication. Although the antiviral effects of roscovitine were clearly demonstrated in the previous studies, the cytotoxicity controls used in those studies did not clearly establish selective inhibition of these viruses in the absence of detrimental effects to host cells. Consistent with the previous investigators' inability to select HSV isolates resistant to roscovitine (46), we have been unable to select HCMV isolates resistant to the pyrrolo [2,3-d] pyrimidine nucleoside analogs used in this study (20) . Furthermore, some compounds in this series have previously been described as cellular kinase inhibitors; e.g., sangivamycin inhibits protein kinase C (28) , and toyocamycin inhibits cdk1 (31) . Also consistent with a mechanism of action not involving a nucleic acid Stock solutions of all compounds were prepared at 10 mg/ml in dimethyl sulfoxide.
Cell culture procedures. Vero cells (transformed African green monkey kidney cells) were a kind gift from A. Oveta Fuller. KB, BSC-1, Vero, MRC-5 (primary human lung fibroblast), and primary human foreskin fibroblast (HFF) cells were routinely grown and passaged in monolayer cultures with minimal essential medium (MEM) with either Hanks or Earle salts supplemented with 10% calf serum or 10% fetal bovine serum (HFF and MRC-5 cells). The sodium bicarbonate concentration was varied to meet the buffering capacity required. Cells were passaged at 1:2 to 1:4 dilutions by conventional procedures by using 0.05% trypsin plus 0.02% EDTA in HEPES-buffered saline.
Virological procedures. Plaque-purified isolate P o of the Towne strain of HCMV was kindly provided by Mark Stinski, University of Iowa. The KOS strain of HSV-1 was provided by Sandra K. Weller, University of Connecticut. Stock HCMV was prepared by infecting HFF cells at a multiplicity of infection of Ͻ0.01 The numbers of PFU per cell were determined as detailed previously (51) . High-titer HSV-1 stocks were prepared by infecting BSC-1 cells at a multiplicity of infection of Ͻ0.1, also as detailed previously (51) . Virus titers were determined by using monolayer cultures of HFF cells for HCMV and monolayer cultures of BSC-1 cells for HSV-1, as described earlier (39) .
HCMV plaque reduction assay. HFF cells in 24-well cluster dishes were infected with approximately 100 PFU of HCMV per well by the procedures detailed above (51) . Following virus adsorption, compounds dissolved in growth medium were added to duplicate wells at four to eight selected concentrations. After incubation at 37°C for 7 days, the cell sheets were fixed and stained with crystal violet, and microscopic plaques were enumerated as described above. The effects of the drugs were calculated as a percentage that indicated the percent reduction in the number of plaques in the presence of each drug concentration compared to the number observed in the absence of drug.
HSV-1 ELISA. An enzyme-linked immunosorbent assay (ELISA) was used (40) to detect HSV-1. Each well of 96-well cluster dishes was planted with 10,000 BSC-1 cells in 200 l of MEM with Earle salts plus 10% calf serum. After overnight incubation at 37°C, selected drug concentrations in triplicate and HSV-1 at a concentration of 100 PFU/well were added. Following a 3-day incubation at 37°C, the medium was removed, the plates were blocked and rinsed, and horseradish peroxidase-conjugated rabbit anti-HSV-1 antibody (P0175; DAKO) was added. Following removal of the antibody-containing solution, the plates were rinsed and then developed by adding to each well 150 l of a solution of tetramethylbenzidine as the substrate. The reaction was quenched with H 2 SO 4 , and the absorbance was read at 450 and 570 nm. Drug effects were calculated as a percentage that consisted of the percent reduction in absorbance in the presence of each drug concentration compared to the absorbance obtained with virus in the absence of drug.
Cytotoxicity assays. Two different assays were used to determine cytotoxicity. (i) The visual cytotoxicity produced in stationary HFF cells was determined by microscopic inspection of cells not affected by the virus used in the plaque assays.
(ii) The effects of the compounds during two population doublings of KB cells were determined by staining the cells with crystal violet and spectrophotometrically quantitating the dye that eluted from stained cells. Briefly, 96-well cluster dishes were planted with KB cells at 3,000 to 5,000 cells per well. After incubation overnight at 37°C, the test compounds were added in triplicate at six to eight concentrations. The plates were incubated at 37°C for 48 h in a CO 2 incubator, rinsed, fixed with 95% ethanol, and stained with 0.1% crystal violet. Acidified ethanol was added, and the plates were read at 570 nm in a spectrophotometer designed to read 96-well ELISA plates. Data analysis. Dose-response relationships were constructed by linearly regressing the percent inhibition derived as described above against log drug concentrations. Fifty-percent inhibitory concentrations (IC 50 s) were calculated from the regression lines. Samples containing positive controls (acyclovir for HSV-1, ganciclovir for HCMV, and 2-acetylpyridine thiosemicarbazone for cytotoxicity) were used in all assays.
Cell growth assay. Cell growth assays were performed by planting subconfluent HFF, MRC-5, BSC-1, and Vero cells in 24-well plates with the indicated concentrations of drug. Control assays were performed by omission of the drug or incubation with an amount of dimethyl sulfoxide equal to that added in the well with the highest concentration of drug. The number of cells in each well was quantified at 24-h intervals by harvesting cells with trypsin plus EDTA (51) and enumerating the cells with a Coulter counter. cdk1 and cyclin B assays. Enzyme inhibition assays were performed as described by Meijer and Kim (31) . One unit of recombinant cdk1 or cyclin B (New England Biolabs, Beverly, Mass.) was added to the manufacturer's buffer with 6 g of histone H1 type III S (Sigma, St. Louis, Mo.) per ml in the absence of drug or in the presence of drug at one of at least six drug concentrations ranging from 0.1 to 1,000 M with bovine serum albumin at a final concentration of 100 g/ml, and 2 Ci of [␥-
32 P]ATP (3,000 Ci/mmol; NEN, Boston, Mass.) to ATP at a concentration of 15 M in a total volume of 25 l. The reaction mixtures were incubated at 30°C for 30 min. Control experiments established that the reaction was linear with respect to time between 10 and 60 min. The reaction mixtures were spotted onto phosphocellulose filter paper circles (P81; Whatman) and prior to drying were washed (five times for 5 min each time) with 0.1% phosphoric acid (200 ml). The dried filter papers were transferred to vials, and the amount of bound label was determined by liquid scintillation spectrometry. Values for nonspecific controls lacking histone H1 (which bound no more than 5% of the label) were subtracted. Data are presented as the percent maximum activity in the absence of drug. Kinetic assays were performed similarly, and the concentration of ATP was varied. Conditions were established such that the reaction proceeded linearly with respect to time. The data presented were normalized for the specific activity of the enzyme.
RESULTS

Selection of pyrrolo[2,3-d]pyrimidines for study.
Compounds were selected for study on the basis of their antiviral activities and cytotoxicities. We have previously described many of these compounds and selected them because they all had potent activities against HCMV but different cytotoxicities (24-26, 41-45, 51) (Fig. 1) . For example, toyocamycin was orders of magnitude more toxic than compound 828 (Table 1) . Two new compounds, compounds 1369 and 1389, were also studied (Fig. 1 ). Both were active against HCMV at submicromolar concentrations, well below those that produced cytotoxicity (Table 1) . Evaluation of the potential of compound 1369 to inhibit cell growth (Fig. 2) revealed that its inhibitory effects were seen only at concentrations which were orders of magnitude higher than those required for antiviral activity. Compound 1369 also was active against HSV-1. Thus, active compounds from this series had a range of in vitro selectivity indices, ranging from Ͻ1 for toyocamycin to nearly 200 for compounds 828 and 1369.
Inhibition of cdk. The pyrrolo [2,3-d] pyrimidine series displayed various levels of activity against cdk, ranging from moderate to no inhibition (Table 1) . Also, there was little correlation between enzyme inhibition and antiviral activity or cytotoxicity. For example, toyocamycin was highly cytotoxic but was only a weak inhibitor of the enzyme, and compound 1028 was active against HCMV and inactive as a cdk1 inhibitor. Thus, it is unlikely that inhibition of cdk1 and cyclin B is a general mechanism of action against HCMV and/or HSV-1 or cytotoxicity for the pyrrolo [2,3- 
Compound 1369 was the best inhibitor in this series, with an IC 50 (14 M) between those of the positive control compounds roscovitine and olomoucine. iso-Olomoucine is a known inactive isomer of olomoucine (52) and served as a negative control for these experiments. In a separate series of experiments, we determined that compound 1369 is a competitive inhibitor of cdk1 and cyclin B, with a K i of 14 M (Fig. 3) . Control experiments were consistent with reports that roscovitine is also a competitive inhibitor with respect to ATP, displaying an IC 50 of 9 M in our assays (data not shown). This places compound 1369 within a chemically diverse set of small-molecule cdk inhibitors which to date have all been reported to be competitive inhibitors with respect to ATP (16, 49) . Antiviral activities of purine analogs. We evaluated the purine analogs roscovitine, olomoucine, and iso-olomoucine for their activities against HSV-1 and HCMV. Plaque reduction (Table 1) . Interestingly, the dose-response curve for roscovitine was precipitous, showing no inhibition of virus at concentrations up to 20 M and complete inhibition at concentrations at and above 50 M. Scoring for visual cytotoxicity revealed that the IC 50 of roscovitine was 31 M. The purine analogs were also evaluated for their activities against HSV-1. Consistent with results reported by Schaffer and coworkers (46), olomoucine and isoolomoucine had IC 50 s greater than 100 M and roscovitine had an IC 50 of 38 M. Cytotoxicity assays were performed with KB cells ( Table 1 ) and showed that roscovitine inhibited cell growth at an IC 50 of 20 M, whereas olomoucine inhibited cell growth at an IC 50 of 85 M. This is consistent with reports that breast cancer cells underwent extensive apoptotic cell death in 28 M roscovitine (32) and that 25 M roscovitine reproducibly killed half of the MCF-7 cell populations within 24 h, as measured by trypan blue exclusion (10) . Comparison of the concentrations of roscovitine and olomoucine required to inhibit HCMV and HSV with their cytotoxicities (Table 1) suggests that these purine analogs are at least as cytotoxic as they are antiviral and therefore do not possess selective antiviral activity. Similar to our results, Zimmermann et al. (54) reported that the concentration of roscovitine required to inhibit HCMV (IC 50 , ϳ14 M) was equal to that required to demonstrate cytotoxicity (IC 50 , ϳ15 M). Cytotoxicity of roscovitine. It has been reported that Vero cells tolerate 120 M roscovitine (46) and that human lung fibroblasts cells tolerate 15 M roscovitine (4) without evidence of alteration of the cellular morphology by visual inspection under a light microscope. Another study has determined that mouse leukemia L1210 cells (Y8 cell line) are not viable in the presence of 60 M roscovitine due to the induction of caspase-3-like activity (50) . In order to more carefully examine the cytotoxic effects of roscovitine, we performed cell growth experiments with four cell lines commonly used in assays for the activities of drugs against HSV and HCMV: BSC-1, Vero, HFF, and MRC-5 cells. Dose-dependent inhibition of growth of Vero, HFF, and MRC-5 cells was demonstrated at concentrations up to and including 11 M (Fig. 4) . However, at concentrations required for antiviral activity (33 to 100 M), all cell lines exhibited evidence of extensive cell death. It was apparent that the remaining number of cells in the presence of 100 M roscovitine was similar among the cell lines, with approximately 10% of cells remaining in wells containing 100 M roscovitine after 4 days. Similar results were obtained with BSC-1 cells (data not shown). We conclude that the concentrations of roscovitine required to produce antiviral activity closely match those that elicit cytotoxicity for the four cell lines.
DISCUSSION
We evaluated the hypothesis that the mechanism of antiviral action of pyrrolo [2,3-d] pyrimidines was via the inhibition of a cellular cdk. Our data best support the null hypothesis. In contrast to reports of the selective antiviral activity of the cdk inhibitor roscovitine (4, (46) (47) (48) , we have determined that the concentrations of this compound that were necessary to inhibit HSV-1 and HCMV were indistinguishable from those that produced cytotoxicity. Perhaps the intimate connection between the antiviral activity and cytotoxicity of roscovitine determined in this study can resolve the absence of specificity of this compound for any stage of the viral replication cycle (48) . Considering that there are 1,000 to 2,000 ATP-requiring enzymes in a mammalian cell (49) and that roscovitine has been evaluated against only 40 of them, it is not necessarily valid that roscovitine, being an inhibitor of cdks, must exert its antiviral (and anticellular) activity by the inhibition of these cell cycleregulating enzymes. Indeed, Russo and coworkers (32) have proposed other possible cellular targets for roscovitine, such as cell adhesion molecules.
The IC 50 s for cdk1 and cyclin B reported here indicate that roscovitine and olomoucine are slightly less potent than they were reported to be elsewhere (IC 50 s, 0.7 and 7 M, respectively) (11, 31, 52) . We propose three reasons for this discrepancy. First, since our reactions were started by the addition of enzyme, we did not preincubate the enzyme with an inhibitor. Second, our enzyme source was different: we purchased recombinant cdk1 and cyclin B, whereas the other investigators purified them from starfish oocytes. Third, in contrast to other researchers, we ran our assays with 100 g of bovine serum albumin per ml. Considering these differences in methodology, it may be that compound 1369 has slightly greater potency against cdk1 and cyclin B than that which we have determined.
Although our results have not established a mode of antiviral action for pyrrolo [2,3-d] pyrimidines, we have determined a likely mechanism for the cytotoxicity of at least one of these compounds and discovered that the pyrrolo [2,3-d] pyrimidine pharmacophore is a competitive inhibitor of a cdk. A number of other heterocyclic compounds have been reported to be inhibitors of cdks (18) . Together with a prior report on toyocamycin (31), these results establish pyrrolo [2,3-d] pyrimidines as another class of cdk inhibitors. In addition, the studies described herein suggest that inhibition of cellular cdks should be used with caution as a target for selective antiviral action. 
